We present resistivity, magnetization and specific heat measurements on flux grown single crystals of NiBi3. We find typical behavior of a type-II superconductor, with, however, a sizable magnetic signal in the superconducting phase. There is a hysteretic magnetization characteristic of a ferromagnetic compound. By following the magnetization as a function of temperature, we find a drop at temperatures corresponding to the Curie temperature of ferromagnetic amorphous Ni. Thus, we assign the magnetism in NiBi3 crystals to amorphous Ni impurities.
INTRODUCTION
The interplay between superconductivity and ferromagnetism has been one of the most fruitful areas of debate during recent years [1] [2] [3] [4] . The superconducting state is generally considered to be sensitive to small concentrations of magnetic impurities, which induce Cooper pair-breaking [5] [6] [7] [8] . But in some cases, long-range magnetic order may coexist with superconductivity [9, 10] . This leads to rather unique effects arising from the interplay between the two phenomena. Successive transitions between superconductivity and other ordered states are observed in Chevrel phase and borocarbide compounds [11] [12] [13] [14] [15] [16] [17] [18] . Superconducting properties have been shown to be enhanced by an external field [19] [20] [21] [22] [23] . In heavy fermions and in hybrid proximity ferromagnetic-superconducting structures, magnetism can induce unconventional p-wave or other forms of complex superconductivity [24] [25] [26] [27] [28] .
NiBi 3 is an intermetallic alloy known to be a type-II superconductor [29] with a critical temperature of about 4 K. Normally, Ni tends to lose its magnetic moment within this type of compounds [29] . However, recent work shows coexistence of ferromagnetic-like signals with superconductivity in polycrystalline samples [30] . Further work shows that ferromagnetism is absent in bulk single crystal samples below 300 K, but that some kind of fluctuations do exist below 150 K just at the surface [31] . In the same spirit, other authors remark the absence of ferromagnetic behavior in bulk single crystals, but show ferromagnetic and superconducting features in nanostructures. They highlight confinement effects which eventually modify the electronic band structure [32] . One of the main concerns when fabricating this kind of samples is that pure Ni inclusions can remain within the crystal, thus yielding a non-zero magnetic moment.
In this work, we have studied the superconducting properties of high quality NiBi 3 single crystals grown by the flux growth method. We have carried out resistivity, magnetization and specific heat measurements, with the aim to understand the magnetic and superconducting behavior of this system. We indeed find a ferromagnetic signal, also in the superconducting phase, and discuss temperature dependence of magnetization, resistivity and specific heat.
EXPERIMENTAL DETAILS
The sample was grown in excess of Bi flux [33] [34] [35] . 90% high purity Bi (Alfa Aesar 99.99%) and 10% of Ni (Alfa Aesar 99.99%) were introduced in an ampoule of quartz and sealed under inert gas atmosphere. Ampoules were heated for 4 hours until 1100 o C, maintained 100 hours at this temperature, and then cooled to 300 o C in 300 hours, where it remained for another 100 hours. Ampoules were then taken out of the furnace and rapidly centrifuged to remove the Bi flux. We obtained small needles of 0.1 mm×0.1 mm×1.5 mm as shown in Fig. 1 . Most of these needles were joined together with residual Bi flux left over after centrifuging. We made powder X-ray diffraction on an arrangement of needles milled down to powder. We used an X'Pert PRO Theta/2Theta difractometer with primary monochromator and fast X'Celerator detector. We measured the resistivity making four contacts on a single needle. Specific heat was determined in PPMS system of Quantum Design. To ensure proper thermalization of the whole sample, a large amount of needles (6.2 mg) were crushed down into a pellet using a force of 5.5 tons during 6 minutes. We made magnetization hysteresis loops, M(H), at constant temperature below and above T c with a SQUID-magnetometer (MPMS) using single needles aligned parallel to the applied magnetic field.
RESULTS AND DISCUSSION
NiBi 3 has an orthorombic CaLiSi 2 -type crystal structure with space group pnma. X-ray powder diffractograms are shown in Fig. 2 . We find single crystalline NiBi 3 . The difffractogram also show a peak from Bi flux used during growth (bubbles in Fig. 1b) . No indication for presence of residual Ni was found in X-ray scattering. Using Rietveld refinement (X'PERT HighScore Plus software), the unit cell parameters were found to be: a = 8.884Å, b = 4.097Å and c = 11.490Å. The inset in Fig. 2 shows the NiBi 3 crystal structure [36] .
The resistance strongly drops when decreasing temperature, and gives a residual resistance ratio between 4 K and 300 K of 15.3 ( Fig. 3) , indicating good quality single crystal. The superconducting transition starts at 4.0 K with an abrupt drop of the resistivity and ends at 3.9 K, where it becomes zero. Previous resistance and susceptibility measurements give similar residual resistivity values in single crystals [29] . Critical temperature of polycrystals and in nanostructured samples is also similar [30] [31] [32] 37] .
The specific heat (Fig. 4) shows a small peak at the transition, of size expected for a weak coupling BCS superconductor, ∆C/T c = 1.43γ if we take γ ≈ 9 mJ/K 2 mol, which is compatible to the estimated zero In the main figure we show the temperature dependence of the resistivity between 300 K and 3.5 K. In the lower right inset we zoom into the superconducting transition at the critical temperature.
temperature extrapolation of C/T . The transition is sharp and located at the same temperature as the resistive transition. We find a small anomaly around 2.2 K, which depends of applied magnetic field. The contribution to the specific heat from this anomaly extends to temperatures well above the position of the kink. Actually, in a conventional BCS superconductor, the zero field specific heat should fall below the normal state specific heat approximately around 0.6 T c . Here, the zero field specific heat remains above the 5 T specific heat over the whole temperature range. The observed anomaly at 2.2 K is of magnetic origin and of same order than electronic and phonon contributions. A magnetic transition at this temperature involving the whole sample should give an overwhelming contribution to the specific heat [34, 38] . Therefore, this anomaly is not due to a full bulk magnetic transition but rather to residual magnetism. No traces of this transition are found in other measurements. The specific heat measurements are the only ones made using pressed powder and not single crystals. Probably, the procedure of crushing the needles into a pellet has brought about a magnetic transition in a small part of the crushed pellet.
The main panel of Fig. 5 shows the magnetization of NiBi 3 single crystal at 1.8 K. The solid curve corresponds to the first increase of the field after zero field cooling (ZFC) and the dashed line to a decreasing field. From the minimum in the transition between Meissner and Shubnikov states we find µ 0 H c1 = 12 mT. The normal state is reached at µ 0 H c2 = 0.35 T indicated by a change in the slope of M (H). The magnetization curves within the superconducting state are rather closed, and we find a reversible behavior over a significant range of magnetic fields. This is expected in a high purity single crystalline sample with low pinning. Single crystalline samples grown by the solid state method give small hysteresis loops [30] , similar to ours. Other samples grown by encapsulation of stoichiometric powder, which show grains and some inhomogeneities, also present larger hysteresis loops [37] . The magnetization loops with highest hysteresis were for samples grown by a reductive etching of Bi 12 Ni 4 I 3 [32] . 
ln(κ)).
At magnetic fields above H c2 , the magnetization shows a peculiar behavior, characterized by a finite magnetization, typical of a ferromagnet.
When we increase the temperature above T c , we can remove the superconducting signal and find the ferromagnetic behavior. It gives hysteresis loops as shown in Fig.  6 . The saturation field is small, but well defined (M S = 0.013 emu/g). The loops are rather closed, with a coercitive field of 2.0 mT, and remanence of M r = 0.0008 emu/g (inset of Fig. 6 ). The saturation magnetization corresponds to ≈ 1.74·10 −3 µ B /Ni as compared to the M S ≈ 0.616 µ B /Ni of elemental ferromagnetic Ni. Thus, magnetism is residual. These values do not change when entering the superconducting phase.
Curves in Fig. 5 have been taken after room temperature demagnetazing the ferromagnetic signal. However, if we do not demagnetize, we observe flux trapping in the superconductor by the remanent field. The magnetization curves remain similar as in Fig. 5 , without additional irreversibility. Thus, the ferromagnetic signal does not produce a strong pinning effect. This is compatible with the soft magnetic features and reminds the situation found in permalloy-superconductor nanostructures [39] .
We measured the magnetization of the NiBi 3 crystals up to 700 K to search for eventual high-temperature disapperance of the ferromagnetic signal (Fig. 7) . We find indeed a jump and change of slope at T = 525 K with no further transition until 700 K. The Curie temperature of crystalline Ni is at T C = 631 K. Thus, the magnetic component is not due to crystalline Ni inclusions. The lack of peaks in X-ray scattering from crystalline Ni implies that there are no crystallized Ni impurities larger that the X- ray coherence lenght of a few 100Å. This, of course, does not exclude amorphous Ni. Amorphous Ni is a ferromagnet with a Curie temperature T C = 530 K. This value is very close to the observed change of slope of Fig. 7 [40] . We thus conclude that amorphous Ni inclusions produce the observed coexistence of superconductivity and magnetism in this system.
SUMMARY AND CONCLUSIONS
We have prepared NiBi 3 single crystal with the fluxgrowth method, which shows good type II superconducting behavior along with ferromagnetism. We have measured resistivity, specific heat and magnetization. Resistivity shows that we have prepared good quality single crystalline samples, and from specific heat, we obtain a full superconducting transition. In the magnetization curves we find, at the same time, superconducting and ferromagnetic signals. We have shown that the ferromagnetic signal seen in the magnetization experiments stems from amorphous Ni inclusions in the superconducting NiBi 3 matrix. Thus, the coexistence of ferromagnetism and superconductivity in this system is extrinsic.
This intermetallic system is prone to give, at the local scale, interesting situations where magnetism and superconductivity show some interplay.
This may lead to anomalous proximity effects or vortex pinning features [24, 41] . Nanofabrication in form of wires or other structures [32] could make use of the likely formation of magnetic inclusions by controling their position and size.
